Abstract. The structural organization of the DNA complexes with nonhistone chromosomal protein and linker histone H1 was studied using circular dichroism spectroscopy (CD) and atomic force microscopy (AFM). It has been shown that due to the interaction between HMGB1 and H1 highly ordered DNA-protein complexes emerge in the solution. Their spectral properties are found to be similar to those of DNA/HMGB1-(AB) complexes, reported earlier. AFM images reveal the formation of fibrillike structures in the solution. We suggest that the electrostatic screening of the HMGB1 C-terminal domain by histone H1 facilitates stronger interaction of the HMGB1/H1 with DNA and the formation of the ordered supramolecular DNA-protein complexes.
Introduction
A great variety of DNA-binding proteins interact with DNA in cell nucleus-forming intricate DNAprotein complexes. There is a special class of "architectural" proteins in chromatin that perform structural functions. The family of HMGB-domain proteins is one of the best known examples of architectural proteins. The common feature of the proteins within the family is their DNA-binding motif, often called HMGB-domain [1, 2] . The structure of the HMGB-domain is highly conservative. Some of the proteins in this family contain only one HMGB domain, but a great number of the proteins possess two or more HMGB-domains. The members of the family are able to distinguish and preferably bind to distorted regions in DNA, such as four-way junctions, binding sites of the anticancer drug cisplatin, and great variety of other bends and crossovers [3] . Yet another abundant chromatin protein with somewhat similar properties is linker histone H1 [4] [5] [6] , which binds to a linker DNA at the entrance/exit of the nucleosome. Functioning of these proteins in living cells requires the formation of large supramolecular complexes with DNA. When reconstructed in vitro such complexes very often tend to aggregate, which results in their precipitation. However, our previous studies revealed that at certain conditions the HMGB-domain proteins are able to induce the formation of the ordered multimolecular complexes upon binding to DNA [7, 8] . The aim of the present study is to investigate the structural organization of the HMGB1-DNA complexes in presence of linker histone H1 using circular dichroism spectroscopy (CD) and atomic force microscopy (AFM).
Materials and Methods
To obtain the DNA-protein complexes, histone H1 (MW 21000) and nonhistone protein HMGB1 (MW 26500) were used. Both proteins were isolated from calf thymus as described earlier [9] . The protein content in the system was described in terms of the DNA base pairs to protein molar ratio R. For example, R = 70 (or 70 : 1 b.p. to protein molecules ratio) means that there are 70 DNA base pairs for each protein molecule in the solution. In all complexes the H1 to HMGB1 molar ratio was maintained at 1 : 1. CD spectra of the complexes were recorded using CD6 dichrograph (Jobin-Yvon, France) in 5-mm cylindrical quartz cells; the concentration of the DNA was maintained 0.06 mg/mL. The complexes were prepared by the direct mixing of the protein and DNA solutions in the appropriate concentrations in presence of 15 mM NaCl. The AFM images were obtained on mica in a tapping mode as described elsewhere [10] .
Results and Discussion
Large DNA-protein complexes, when studied spectroscopically in UV region, very often cause considerable light scattering, which affects the shape of the spectral bands. In case of circular dichroism (CD) spectroscopy, it leads to the formation of characteristic spectral pattern, called ψ-type CD spectra (polymer and salt induced [11] ). The appearance of such spectral pattern was attributed to electrostatic condensation of DNA in the presence of another polymer and at high concentration of counterions. However, sometimes instead of ψ-type CD spectra, it can be observed an increase in optical activity of DNA by orders of magnitude, attributed to the presence of large and highly ordered supramolecular DNA structures in the solution [3, 8, [12] [13] [14] [15] . As we have shown earlier, the interaction of DNA with the HMGB-domain proteins results in some cases in the formation of structurally ordered supramolecular complexes, also inducing unusually strong optical activity of DNA [7, 8] . The formation of 30-nm chromatin fibril is strongly dependent on the interaction of linker histone H1 and non-histone architectural proteins with DNA. To check whether the coaction of the histone H1 and non-histone protein HMGB1 is able to induce a spontaneous formation of ordered DNA-protein structures, we prepared artificial complexes between DNA and two chromosomal proteins: histone H1 and non-histone protein HMGB1. Both proteins are the most abundant chromatin proteins, and they play an important role in the structural organization of chromatin at the postnucleosomal level of its structural organization. These proteins are also able to initiate the formation of supramolecular structures when complexed with DNA, and each of them is able to induce ψ-type CD spectra of DNA, indicating strong intermolecular interaction present in the solution [9, 16] . The typical UV-CD spectra of DNA and its complexes with the equimolar mixture of the proteins HMGB1 and H1 are given in Figure 1 . At the DNA base pairs, to protein ratios above 175 : 1 the spectra of the complexes reveal only minor gradual decrease of the intensity of the DNA band in vicinity of 275 nm, indicating DNA-protein interactions in the major groove of the DNA double helix. Considerable light scattering of the samples with R = 140 leads to the formation of the ψ-like CD spectra. Such CD spectra indicate that large multimolecular complexes are likely present in the solution. Further increase in protein content leads to increasing intensity of the DNA CD bands. Although at R = 70 the light scattering is still considerable in the solution, the spectra are similar to those of DNA bound to the HMGB1-(AB) protein (Figure 2 ), which were attributed earlier to the highly ordered DNA-protein complexes [7] . The structural order of the DNA/HMGB1-(AB) complexes was extremely sensitive to the protein/DNA ratio and was observed in a very narrow R interval. When the two proteins H1 and HMGB1are present in the system the CD spectra of DNA in the complex are sensitive, among the other factors, to the H1/HMGB1 ratio. In particular, using the above approach, we were able to obtain strong CD signal only in those complexes, in which H1 to HMGB1 molar ratio was close to 1.
To visualize the structures responsible for the strong optical activity of DNA in the complexes, we utilized atomic force microscopy. Using this approach the DNA-protein complexes with equimolar H1/HMGB1 ratio were studied. The typical images of the complexes with DNA base pairs to protein ratio R = 35 are shown in Figure 3 . The images reveal very extended fibril-like structures. Based on their linear dimensions, we conclude that each individual fibril is formed by several DNA molecules twisted around each other. Individual DNA molecules within the fibril are held together by the protein molecules. The numerous DNA-protein and protein-protein interactions make the fibril rather stable. Most likely, the presence of the histone H1 leads to the partial neutralization of the negative charges of both the DNA phosphate groups and the C-terminal sequence of the HMGB1. The latter makes H1-HMGB1 complexes somewhat similar to the above HMGB1-(AB) protein, which lacks negatively charged Cterminal amino acid sequence but retains the HMGB domains available for binding DNA molecule.
As we suggested earlier [7, 8] the neutralization of the negatively charged amino acid sequence of the HMGB1 is essential for the interaction of the both HMGB domains of the protein with DNA. Such a bidomain interaction facilitates, in turn, the formation of the highly ordered DNA-protein complexes. When the negatively charged tail of the HMGB1 is bound to the histone H1, it can have two major consequences: (i) both HMGB-domains of the HMGB1 are able to interact with DNA, forming stronger DNA-protein complexes; (ii) the HMGB1-H1 protein complexes are able to produce intermolecular DNA cross-links very effectively. Both of these factors facilitate the formation of supramolecular complexes, observed above.
Thus, the electrostatic screening of the HMGB1 C-terminal domain by histone H1 facilitates stronger interaction of the HMGB1/H1 with DNA and the formation of the ordered supramolecular complexes.
